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PURPOSE 
The purpose of this study is t o  develop a mathematical (meteor- 
o logica l )  QQdel r e l a t i q g  t h e  turbulen t  c h a r a c t e r i s t i e s  of atmospheric 
wind flow t o  the  mealarameter determinations of such flow, from the  
sur face  t o  a minimal e levat ion of 200 f e e t ,  through analyses of meas- 
urements in both sca l e s  of motion. 
of thfs purpose w i l l - b e  performed in four  phases as l i s t e d  below: 
- -- 
_1- - _ -  
_cc- 
The research f o r  accomplishment 
Phase 1, A survey of instrumentation capab i l i t y  and avai l -  
a b i l i t y  f o r  tu rbulen t  and mean motion scales s u f f i c i e n t  t o  
permit funct ional  co r re l a t ion  without loss of physical r e a l i t y  
-camp leted.  
Phase 2 .  
i t ies se l ec t ed  in Phase 1 in a f i e l d  measurement complex- 
completed f o r  mean sca le  and wind determination in tu rbulen t  
Acquisition and i n s t a l l a t i o n  of measurement f a c i l -  
scale . 
Phase 3, 
s t u d i e s  t o  e s t a b l i s h  i n t e r s c a l e  func t iona l  de f in i t i on .  The 
analyses w i l l  include : 
a) 
Conduction of j o i n t  measurement and analys is  
l 
the re la t ionship  between mean v e l o c i t i e s  and turbulen t  
v e l o c i t i e s  
1) without regard t o  any o the r  parameters, I 
2) as a function of temperature, 
3) as a function of ground roughness, 
4) as a function of atmospheric s t a b i l i t y ,  and I 
5) as a function of v e r t i c a l  g rad ien ts  of mean wind 
and mean temperature ; I 
b) spec t ra  of turbulence; 
c) gust cha rac t e r i s t i c s  : 
I 
1) gust amplitudes as funct ions of s t a b i l i t y ,  rough- 
ness and temperature ; 
2) gust  genesis and decay, 
d) cross  spectra of turbulence between d i f f e r e n t  a l t i t u d e s  I 
-begun. 
Phase 4. Development of mathematical models f o r  s imulat ion 





i n s t a l l a t i o n  of 
ABSTRACT 
12 
of a c t i v i t i e s  on phases 1 and 2 ( se l ec t ion  and 
measurement c a p a b i l i t i e s )  of a f o u r p h a s e  research 
program designed t o  afford de f in i t i on  of t he  instantaneous o r  gust- 
wind p r o f i l e  as a function of mean flow de f in i t i on .  Included are 
a review of son ic  anemometer theory per t inent  t o  the  research goals 
of the study, schematic descr ip t ion  of t he  sonic  anemometry em- 
ployed, and ou t l ines  of analytical procedures and techniques t o  be 
followed, as w e l l  as d e t a i l 8  of a comparative f i e l d  measurement 
test covering various types of wind measurement instrumentation in 
curren t '  usea 
i i  f 
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CONTRACTUAL ACTIVITIES 
I. General 
Research e f f o r t  under way on the  subjec t  contract  t o  determine 
meteorological descr ip t ion  of tu rbulen t  and mean flow regimes as a 
means of evaluat ing miss i le  response is  based on the  concept t h a t  t he  
turbulen t  c h a r a c t e r i s t i c s  of atmospheric flow are func t iona l ly  r e l a t e d  
t o  and therefore  def inable  from mean flow cha rac t e r i s t i c s .  The con- 
cept i a ,  of course, c l a s s i c a l  but t he  method of a t t ack  is not  and 
f u l l y  recognizes t h a t  d i r e c t  measurements of t he  turbulen t  and mean 
f i e l d s  m u s t  be made simultaneously i n  order  t o  determine realistic 
interdependence, rather than mean flow measurements alone with theo- 
retical ex t rapola t ion  t o  t h e  tu rbulen t  f i e l d  based on classical prem- 
ises t h a t  such extrapolat ion must necessar i ly  follow in order  t h a t  
observed gross m e a  phenomena can be rea l ized ,  Of course,  earlier 
s t u d i e s  In this vein were not so conducted as a matter of choice but  
of p r a c t i c a l  necess i ty  inasmuch as r e l i a b l e  instrumentation of 
response s u i t a b l e  t o  define the  turbulen t  f i e l d  has not  here tofore  
been ava i l ab le  and even now is l a rge ly  of an experimental nature .  
It is per t inen t  t o  review b r i e f l y  some earlier t h e o r e t i c a l  
s tud ie s  s ince  they i l l u s t r a t e  the  reasoning behind a c t i v i t i e s  and 
procedures that are being pursued i n  t h e  cur ren t  research program. 
One of t h e  earliest and best-known works i s  t h a t  of Osborne Reynolds 
i n  t h e  late nineteenth century which demonstrated t h a t  t h e  mean form 
of t h e  equation of motion f o r  f l u i d  flow could not  be appl ied t o  a 
tu rbulen t  regime without the  addi t ion  of terms which are independent 
of v i scos i ty  and which have s ince  t h a t  t i m e  been r e fe r r ed  t o  as "Rey- 
nolds stresses." 
n i t i o n  of t h e  f l u x  of momentum (shear ing stress), the convective heat 
f lux ,  and the  evaporative heat  f l ux  i n  terms of instantaneous values 
of flow parameters, i.e. , wind, temperature, and vapor pressure , 
Thus Reynolds' work leads immediately t o  t h e  def i -  
and anomalies t o  t h e  mean values of these  same parameterso 
p r a c t i c a l  sense, of course, "instantaneous" has no meaning and should 
be  replaced by frequency o r  response considerations based -on- s ign i f -  
i can t  energy considerations. 
t aneous t o  -represent . f requensy response of the- order  of 10-15 cycles 
per second, probably,-as aa upper l i m i t ,  
cess of this-value are assumed t o  contain only a r e l a t i v e l y  minor por- 
t i o n  of t h e  ava i l ab le  energy, 
In a 
Meteorologically, w e  can consider instan- 
That is ,  frequencies i n  ex- 
Assuming t h a t  t h i s  de f in i t i on  of instantaneous is adequate, the 
question arises-as - t o  how-one measures instantaneous values, 
classicists ,- lacking instrumentation of sufficient;  response character- 
ist ics,  were f o r c e d - t o  f a l l  back on t h e  concept previously noted, 
s p e c i f i c a l l y  t h a t  so.mehow o r  o ther  t h e  turbulen t  reg iae  w a s  r e l a t ed  
t o  t h e  mean flow regime, and many equating attempts can be found i n  
l i t e r a t u r e ,  t h e  best-known being t h a t  of W i l h e l m  Schmidt i n  1917 
through poatu la t ion  of the exchange c o e f f i c i e n t s  based on an analogy 
of t u rbu len t  and laminar flow, 
in 1934 wi th  t h e  in t roduct ion  of a mixing length which in a l imi ted  
sense correspands t o  t h e  mean free path of k i n e t i c  theory, 
The 
This analogy w a s  fur thered  by Prandt l  
In more recent yea r sB  s t a t i s t i c a l  theor ies  of turbulence have 
achieved eminence and some of these  w i l l  be r e fe r r ed  t o  later, For 
the moment, however, the works of Reynolds, Schmidt, and P rand t l  are 
s u f f i c i e n t  t o  provide t h e  mathematical and physical groundwork f o r  
our purposes, which is  shown in equations (1) through (7) below: 
.I 
u 'E u + uo 
w - W Q  
where 
u' and w u  represent the anomalies t o  t h e  mean flow i n  t h e  hori- 
zonta l  and v e r t i c a l  d i r ec t ions  respec t ive ly ;  
T' and q' represent the anomalies of temperature and s p e c i f i c  
humidity; 
and Ke are the eddy (exchange) c o e f f i c i e n t s  f o r  momentum, Krn, %s 
heat  , and vapor; 
a is t h e  mixing length and it is shown here  only t o  relate it 
t o  the exchange coe f f i c i en t s  and it w i l l  no t  be used 
henceforth inasmuch as such d e f i n i t i o n  can always be found 
through equation (7) or  corresponding r e l a t ionsh ips  f o r  
#h and Ke with respect t o  Km; 
T ,  qhn and qe are the vertical f luxes  of momentum, sens ib l e  
p is air density;  
C 
P 
L is  the l a t e n t  hea t  of vaporization f o r  water, 
h e a t ,  and l a t e n t  hea t ;  
is the s p e c i f i c  heat (at constant pressure) f o r  air;  and 
The format employed i n  equations (1) through (7) i s  more o r  less 
standard and is based on the usua l  meteorological coordinates and 
assumptionso That is,, the p reva i l i ng  wind f o r  t h e  t i m e  i n t e r v a l  con- 
s ide red  flows along the  u axis, v and w are zero ,  p' i s  zero,  laminar 
cont r ibu t ions  are negl ig ib le  and temperature may be regarded as t h e  
a c t u a l  temperature r a t h e r  than t h e  p o t e n t i a l  temperature, s i n c e  t h e  
two w i l l  be p r a c t i c a l l y  equivalent f o r  t h e  near=surface atmospheric 
l aye r s  which w e  w i l l  considero 
ID - 
From these  background equaticms one can "derive" t h e  so-called 
well-known re l a t ionsh ips  expressed in equations ( 8 ) ,  (9), and (10): 
0 
T = pu*2 - p e w  T 





+ To T = - l n -  k 
0 
where 
u* i s  the  "friction" (shear) ve loc i ty ;  
T, i s  t h e  "friction" temperature (so ca l l ed  because of i t s  
analogy t o  uJ; 
z 
e2 is t h e  "roughness parameter"; 
k is von Karman's constant ( .38 t,02) ; and 
t h e  subscr ip t  zero r e f e r s  t o  the su r faceo  
is the  "roughness height" (length) ; 
0 
The equations have their b a s i c  o r i g i n  i n  empiricism and are 
l imi t ed  in appl ica t ion  t o  s p e c i f i c  mean environmental conditions 
with regard t o  s t a b i l i t y  and t h e  underlying sur face  over which t h e  
flow occurs. I n  these  re la t ionships ,  and henceforth i n  a l l  o thers ,  
we s h a l l  omit t h e  bar  t o  ind ica te  averages, and i t  should be under- 
stood t h a t  any quant i ty  w h i c h  i s  not primed represents  a mean value 
based on a time-interval of not less than 30 minutes t o  an hour 
(unless completely determinable by primed quan t i t i e s )  , 
The p r o f i l e  re la t ionships  of equations (9) and (10) (and a 
corresponding one f o r  vapor pressure) can be extended t o  other sta- 
b i l i t y  s i t u a t i o n s  and o the r  surface conditions through various em- 
p i r i c a l  and/or t h e o r e t i c a l  arguments, and considerable work has been 
done on t h i s  sub jec t ,  e,g, ,  Clayton and Merryman,l Deacon,z E l l i ~ t t , ~  
E l l i s o n B 4  H a l ~ t e a d , ~  Monin and Obukhov,6 Panofsky, Blackadar and 
McVehilB7 and o thers ,  
The question i s ,  how does the  groundwork c i t e d  prepare f o r  an 
understanding of tu rbulen t  flow and s a t i s f a c t i o n  of research aims of 
t h e  subjec t  cont rac t ,  The answer is ,  not a t  a l l  except t o  demon- 
strate the necess i ty  of instantaneous d a t a  usage s ince  two of t h e  
most important c h a r a c t e r i s t i c s  of turbulence, s p e c i f i c a l l y  T and qh 
o r  qh/pC , though defined by equations (1) and (2),  are s t i l l  unknown 
q u a n t i t i e s  because functional d e f i n i t i o n s  of Km, I $ ,  and Ke are as 
ye t  unavailable,  As t o  what are t h e  remaining important character- 
istics of tu rbulen t  flow, t h i s  is  a l s o  an open question, but would 
c e r t a i n l y  include gravi ta t ion ,  acce lera t ion ,  a s t a b i l i t y  parameter, 
such as t he  Richardson number R i  o r  t h e  Monin-Obukhov universa l  
P 
4 
funct ion z/L, f r i c t i o n  temperature T*, and f r i c t i o n  ve loc i ty  u * ~  
Thus, the  right-hand forms of equations (1) and (2) a r e  not  useful  
f o r  t h e  pa r t i cu la r  research goals under consideration, and it fol-  
lows t h a t  the  only procedure open i s  t o  seek de f in i t i on  of t he  
f luxes  of momentum and heat  through the  Reynolds stress de f in i t i on ,  
t h a t  is, through u* 8 To , and w w  Considerations of t he  evaporative 
heat flux.are being avoided here because mean values of humidity are 
not routinely measured with r e l i a b i l i t y ,  much less instantaneous 
values 
Let us pos tu la te ,  f o r  the moment, t h a t  u0  is a function of y ,  
ID 
T, zoo and R i ,  and t h a t  w e  can measure t h e  instantaneous values of 
u w D  upD and T o  and hence deduce the  nature of t h i s  funct ional  depend- 
ence from simultaneous measurements of t h e  necessary mean parameterso 
Of coursep it should be recognized t h a t  t he  funct ional  dependence 
fo r  u"  as indicated is not necessar i ly  complete but  only a f i r s t  
approximation, Further ,  we w i l l  pos tu la te  t h a t  there  ex is t s ,  f o r  
a l l  s t a b i l i t y  cases, mean pro f i l e  re la t ionships  f o r  u and T as shown 
in equations (11) and (12) : 
u* z 1 / 2 ]  u = T( 1 n F  + a(z - zo) 
0 
rn 





a i s  a s t a b i l i t y  parametero 
These pa r t i cu la r  p ro f i l e  re la t ionships ,  proposed by Clayton and 
Merrymaxll and based on analyses of t h e  d a t a  of pro jec ts  Great P la ins  
(1952) P r a i r i e  G r a s s  (1956), and Green G l o w  (1959) need not be con- 
s idered inv io la te  and may be replaced by o the r  generalized p r o f i l e  
lawe, f o r  example, those of Monin and Obukhov From d i f f e r e n t i a t i o n  
of (11) and (12) the  f r i c t i o n  temperature T, can be w r i t t e n  as 
It is i n t e r e s t i n g  t o  note t h a t  T, here agrees exac t ly  wish t h e  
T, value advanced by Monin' by s i m i l a r i t y  theory except f o r  a f a c t o r  
equal t o  the  rec iproca l  of the von Karman constant which, quoting 
Monin,' w a s  introduced t o  simplify ca l su la t ions  
. 
From equations (11) (12) , and (13) , it  follows t h a t  a may be  
wri t ten a8 
where 
C i s  a sonstant of t h e  order of 300 cm3/2/deg C/secZ, Thus, 
from t h e  preceding, it may be seen t h a t  from measurements of u Q p  w O ,  
T o  
wind speed: ap  u*, and T, can be evaluated m.1 the func t iona l  def i -  
n i t i o n  of uw as postulated can be s tudied ,  as well as func t iona l  defi-  
n i t i o n  of t he  exshange coe f f i c i en t s  fox  momentum and hea t ,  though 
only on a l imi t ed  b a s i s ,  
t i o n s  (11) and (12), o r  replacements t he re fo r ,  can be solved as a 
function of t i m e ,  mean measurements (which may be made rout ine ly  wi th  
standard instrumentation) can y i e l d  d e f i n i t i o n  of t he  instantaneous 
o r  gust p r o f i l e  on a forecas t  b a s i s ,  
zoo t h e  v e r t i c a l  gradients of m a n  wind and temperature, and mean 
Also, of course, if t h e  b a s i c  p r o f i l e  equa- 
L e t  us assume the  existence of c a p a b i l i t i e s  f o r  mean measure- 
ments and t h e  ex is tence  of amodel fox t i m e  so lu t ion  of equations 
(11) and (12) as w e l l  as the necessary input d a t a  and computational 
f a c i l i t i e s  required f o r  model so lu t ion  ( t h i s  is t he  s i t u a t i o n  t h a t  
exists due t o  paral le l  research e f fo rcs  a t  Texas A&M University),  
thus pinpointing t h e  b a s i c  deficiency with regard t o  turbulen t  defi-  
n i t i o n  potential-specifically,  measurement of uQ w Q  and T'  , o r  
instantaneous values of u D  w, and T wi th in  the  d e f i n i t i o n  of instan- 
taneous as previously given, s ince  the  l a t te r  measurements would 
y i e ld  t h e  anomalous valueso Therefore, it follows t h a t  t hese  
* 
* 
Sponsored by t h e  U, S o  Army Elec t ronics  Research and Development 
Laboratory, Fort  kfonmouth, New Jersey ,  Contract DA 36-039 AMC- 
02195(E) , and by National Science Foundation, Washington, Do C., 
G r a n t  GP-1902 , 
measurements are mt only t h e  necessary first s t e p  in t h e  execution 
of the research t a sks  of t h e  subject sodbract 
urements t he  objeczives of the research cannot be r ea l i zed ,  
but without such meas- 
Thus, wish t h e  bas i c  question of what needs t o  be done resolved, 
t h e  questtion a r iaeo  t o  how such measuremesacs should be made, On 
the sur face  t h e r e  seem t o  be eevera7, poss ib le  mssurement modes t h a t  
would be r u i t a b l e  for usage; however, a more ca re fu l  i nves t iga t ion  
which takes i n t o  account n o t  only r e l i a b i l i t y  but a v a i l a b i l i t y ,  cos t ,  
maintenance and operation requirements narrows the  f i e l d  dawn con- 
s iderably ,  and i t  w a s  found t h a t  sonic  anemometry of fe red  t h e  most 
p o t e n t i a l  f o r  the instantaneous measurement of wind atid possibly T 
although themocoupheo or thermistors would seem more d i r e c t l y  appli- 
cable f o r  t he  lat ter,  
The preceding discussion summarizes the  a c t i v i t i e s  during 
p h a e s  1 and 2 of t h e  subjec t  z m t r a e t  bue without d e t a i l s  of ins t ru-  
mentation s e l e c t i o n  o r  why pa r t i cu la r  sonic anemometers were chosen, 
This w i l l  be discussed i n  a subsequens. sec t ion  following presenta t ion  
of some b a s i c  p r inc ip l e s  of sonic anemometry with general  appl ica t ion ,  
. 
110 S Q d S  TheOl3 
Sonic anemometry is l a rge ly  i n  an experimental s t age  and no t  
widely employed. 
of understanding of t he  pr inc ip les  t h a t  are involved i n  sonic measure- 
ments but r a t h e r  t o  engineering l imi t a t ions  i n  app l i ca t ion  of these 
p r inc ip l e s ,  
This 8tate of a f f a i r s ,  however, is not due t o  lack 
I n  t h e  engineering sen5e t he re  are two b a s i c  types of son ic  ane- 
mometers: t h e  pulse-type sonic and t h e  continuousswave sonic,  and 
progress on both b a s i c - t y p e s  runs about evenly with preference 
between them prfmsrily a f ac to r  of engineering-design sons idera t ions  
and planned usage of collected da ta ,  Within the  two b a s i c  types the re  
are oeveral  subtypes , c l a s s i f i e d  according t o  head (sensor) c h a r a c t e r  
i s t ics  and spacing, and again choice i s  l a rge ly  d i c t a t e d  by engineer- 
i n g  consideratioas and planned appl ica t ion ,  
Whatever the type and conf igura t ion  , the b a s i c  p r inc ip l e s  of 
sonic  anemometry-theory, which are presented below, w i l l  apply, The 
material presented here in  i s  i n  no sense a comprehensive representa- 
t i o n  but  r a t h e r  a summary-in the  p r a c t i c a l  sense-of  usage, and conse- 
quently omits many. of the t heo re t i ca l  cons idera t iam t h a t  are in- 
volved. 
sonis anemometryo a comprehensive p i c tu re  can be had by combined 
referencing of such authors as A r m s t r ~ n g , ~  K a i m a l , 1 °  Suomi and 
BusingerB1IL and Stewart  and Post.l2 
While no s i n g l e  paper completely encompasses the  f i e l d  of 
It can be shown t h a t  i f  acous t ic  energy, propagated as a s p h e r  
fcaP wave f r o n t ,  is emitted at  some point  i n  a rectangular  coordi- 
n a t e  system t h a t  i s  moving at =he exact speed of the  enveloping air 
m a s s D  such a i r  mass motion being purely t r a n s l a t i o n a l ,  t he  shape and 
speed of t h e  wave f ron t  a t  any pos i t i on  with respect t o  the  moving 
axes w i l l  be i d e n t i c a l  with respect t o  a l i k e  s i t u a t i o n  involving 
f ixed axes i n  motionless air, 
statement is twofold: 
ployed i n  the der iva t ion  of the b a s i c  equations of sonic anemometry, 
and it sets t h e  limitations in  the  employment of sonic anemometry 
used in atmospheric measurements. For example, t he  path over which 
t h e  sonic  energy i s  transmitted must necessa r i ly  be l i m i t e d  t o  an 
exten t  cons is ten t  with the response .=haracteristics of the compon- 
e n t s  employed i n  measuring t h e  t r a n s f e r  of sonic  energy. That i s ,  
a s w i n g  t h a t  t en  cycles  per second cons t i t u t e s  the upper l i m i t  of 
s i g n i f i c a n t  atmospheric frequencies,  and one has engineering capabil-  
ities as w e l l  as research requirements f o r  t h i s  frequency l i m i t ,  
then measurements over a path-length of ,  say,  lo0 f e e t  w i l l  obviously 
be use lesso  
The s igni f icance  of t h e  preceding 
It f ixes  the  qua l i t y  of t he  assumptions em- 
Consider a point  source of acous t ic  energy, located at  x - 0, 
y - O o  and z - O o  which emits energy at t i m e  t = 0, 
any p o i n t m a c o n s t a n t  phase surface at some la ter  t i m e ,  t (neces- 
sari ly  a very shor t  time l a t e r )  
The pos i t ion  of 
1 
is given by: 
(x - u t l p  + (y - vt1)2 + ( z  - wt1)2 = (St1)2 (15) 
where S i s  the  speed of sound in motionless air ,  and u ,  v, and w are 
' 1  
t h e  x,y,z components of the  veloci ty ,  V,  of t h e  air ,  Solving f o r  tl 
i n  (15 )  D 
1 /2 2(ux + vy + wa) - [4(ux + w + wz)2 - 4L2(V2 - S2)1 
(16) I 
2(V2 - S2) 
where L2 = x2 + y2 i- z2 and V2 - u2 + v2 4- w2, Now le t  us replace 
the  recept ion point by two points on a coordinate ax i s ,  say t h e  x- 
axis, and at equal d i s tances  from the  t r ansmi t t e r  a t  t he  o r ig in ,  
t h a t  is, at the  poin ts ,  x,O,O and -xsO,Oo 
sfcm times t o  x and -x are, respect ively,  
From (16) the transmis- 
1 /2 ux - x(S2 - v2 - w2) 
v2 - s2 I tX 
and 
- ux - x(S2 - v2 - w2) 1 /2 
LI 
v2 - s2 t-X 
The d i f fe rence  between these  times (t 
against)  and the  sum of these times are given i n  equations (19) and 
(20), assuming t h a t  S2 is much g rea t e r  than V2 




- t  = A t x  = -
=aC X 
Equations (19) and (20) are immediately extendable, of course,  
t o  t h e  o ther  coordinate axes and t o  any pos i t ion  along the  axes, such 
t h a t  w e  may consider three two-point systems, where each point  (sen- 
sor )  is simultaneously a receiver  and t r ansmi t t e r  (though not  i n  a 
p r a c t i c a l  sense) ,  and i f  the separa t ion  D between points  i s  the  same 
for a l l  coordinate axes, (19) and (20) may be  replaced by 
2 u D  A t x  = -
S2 
2vD A t  .I -
S2 Y 
2wD 









where L is t h e  l a t e n t  heat of vaporization. 
t h a t  poss ib le  o v e r s i m p l i f i c a t i o n  is involved here,  That is, t h e  
va r i a t ion  of T and e is not  independent, hence ( 4 2 )  and (43) are less 
"instantaneous" i n  na ture  than is (26) s ince  in essence t h e  former two 
equations call  f o r  a non-significant v a r i a t i o n  of e over sho r t  
i n t e r v a l s  . 
It- should be recognized 
Of course, i f  t h i s  information ( t h a t  i s ,  t h e  f luxes of hea t  and 
vapor) are determinable i n  t h i s  fashion,  then, of course,  through equa- 
t i o n s  (2) and (3) information concerning the  func t iona l  d e f i n i t i o n  of 
exchange coe f f i c i en t s  is forthcoming, assuming the exis tence  of mean * 
gradient  measurements. While the study of exchange c o e f f i c i e n t s  is not  
a p a r t  of t h e  fundamental research requirensents of t h i s  cont rac t ,  it is 
c e r t a i n l y  a b a s i c  meteorological requirement and if obtainable  through 
temperature measurements tha t  are comparable with wind measurements 
employing sonic anemometry, should not  be ignored, 
As noted previously,  the above i s  not  intended t o  b e  a compre- 
hensive review of s o n i c  theory but only t h a t  p a r t  pe r t inen t  t o  the  con- 
t r a c t u a l  e f f o r t .  
t i ca l  l imi t a t ions  in t h e  appl icat ion of this theory with regard t o  
s ign i f i cance  of measurements made with sonics  and, again,  t h i s  w i l l  be 
confined t o  the  p a r t i c u l a r  problems at hand, That is, t h e  discussion 
w i l l  be r e s t r i c t e d  t o  the  sonic  anemometers which have been developed 
Additionally,  it is necessary t o  look i n t o  t h e  prac- 
* 
It i s  important t o  note  tha t  t he  son ic  anemometers themselves do not  
y i e l d  T but Tv o r  Tg, hence independent measurements must be made of 
T ( o r  e, 
f luxes f o r  heat  and vapor. 
which is not  readi ly  done) in order  t o  g e t  t h e  energy 
13 
on t he  contract  by D r .  R. M. Stewart, Jr, and D r ,  Re  E. Post of Iowa 
S t a t e  University. 
Consider two four-head son ic  systems, as shown below, 
i D 















where one system measures t h e  ho r i zon ta l  wind component and t h e  o the r  
measures t h e  v e r t i c a l ,  TIS T2s T and T are t r a n s m i t t e r  heads 
whereas t h e  rece iver  heads are ind ica ted  by R 
head systems, t h a t  is, where each head i s  a l t e r n a t i v e l y  a transmitter 
and receiver, are not unknown bu t  introduce engineering d i f f i c u l t i e s  
no t  e a s i l y  resolved),, I n  order t o  f i t  t h i s  i l l u s t r a t i o n  i n  with t h e  
symbology employed, t h e  transit t i m e  from T 
time from T2 t o  R2 would be t 
times are sequen t i a l ly  determined along each axis and fo r  both axes, 
t h a t  is, the t r a n s i t  times i n  the  x and z d i r e c t i o n s  cannot be  measured 
simultaneously, 
be l a rge ,  provided t h a t  t h e  sequencing is  done at a r ap id  rateo 
3 4 
R2, R and R (two- lo  3 4 
t o  R1 would be t 1 ' Z  and t h e  
t h e  d i f fe rence  A t z ,  e tc,  The t r a n s i t  z 
The error introduced by sequent ia l  operation need n o t  
14 
However, t h i s  is only a necessary condition and does not c o n s t i t u t e  
suf f ic iency ,  and it is  more informative t o  consider t h e  sequent ia l  
e r r o r  from another po in t  of view,  
I d e a l l y ,  a l l  transit times, which are l i n e  averages, should be 
f o r  t h e  same air path, Another way of saying this,  with only a s l i g h t  
departure from tha  idea l ,  i s  t o  assume t h a t  i f  t h e  atmosphere is  of 
eddy Btrusture,  t h e  t r a n s i t  times in t h e  p lus  and minus d i r ec t ions  
w i l l  be measured i n  t h e  same eddy, Thus no t  only is  rap id  sequencing- 
a requirement but also minimum separa t ion  of t r a n s m i t t e r  and receiver 
heads m o t  be sought, Or, r e fe r r ing  again t o  t h e  preceding i l l u s t r a -  
tion, T1 and R1 should be as c lose  toge ther  as p r a c t i c a l i t y  permits 
a8 should T 1 and R 2 s  e tc .  The l a t te r  requirement i s  obvious and the 
former can be shown by example. L e t  us assume a head spacing, D (T1 
t o  R1) of one meter, a r epe t i t i ous  sampling rate of 25 times per  
second, a para l le lp iped  eddy s t r u c t u r e  t h a t  is  several meters i n  ex- 
t e n t  i n  t h e  x and y plane and one meter th i ck ,  and a v e r t i c a l  ve loc i ty  
component of f i v e  meters per second. 
phys ica l ly  unrea l  s i t u a t i o n ,  and neglec t ing  the f a c t  t h a t  T1 - 5 and 
T2 - R 
of w (almost) can be made, 
reducing the  head spacing t o  a h a l f m e t e r ;  however, t h e  sampling r a t e  
w i l l  then have t o  be doubled i n  order  t o  y i e l d  t h e  same number of meas- 
urements . 
For such a h ighly  i d e a l  and 
6 
are not on one path,  f i v e  measurements of u and v and only one 
We can improve our s t r u c t u r e  assumption by 
1 
A f u r t h e r  complication is ,3150 present i n  the  simple ex is tence  
of t h e  measuring heads and t h e i r  supporting s t r u c t u r e  i n  the  measuring 
f i e l d  i n  which the  measurements are t o  be made, since such impediments 
t o  t h e  flow create turbulence, Thus it may be  seen t h a t  head s i z e  and 
spacing, as w e l l  as t he  nature of t h e  supporting s t r u c t u r e ,  assoc ia ted  
bracing, etco are a l l  fac tors  i n  t h e  use fu l  employment of son ic  ane- 
mometry and about t h e  only design c r i t e r i o n t h a t  can be e s t ab l i shed  is  
t o  seek idea lness  within the l imi t a t ions  of p r a c t i c a l i t y ,  
equivalent way of saying t h i s  i s  t h a t  i f  an i d e a l  son ic  anemometer 
ex i s t ed  i t  would be a requirement f o r  t h e  generation of design-charac- 
teristics f o r  t he  p r a c t i c a l  son ic  which. of course, would not be needed 







To re tu rn  t o  more tangib le  considerations,  it w i l l  s u f f i c e  t o  
say t h a t  t h e  P r inc ipa l  Inves t iga tor ,  t h e  Contracting OfficerOs techni- 
cal representa t ives ,  D r ,  Stewart, and D r ,  Post, after due considera- 
t i m  of p r o j e r t  requirements and design p r a c t i c a l i t y ,  agreed t h a t  four  
four-head anemometers w i t h  t h e  following c a p a b i l i t i e s  and spec i f ica-  








Each son ic  anemometer could be operated independently of 
every o t h e r  such t h a t  one, two, o r  t h r e e  component meas- 
urements could be made. 
Bead-spacing would be ad jus tab le  wi th in  t h e  approximate 
limits of 25 t o  70 an and 75 t o  125 cm. 
Sampling r a t e  would be  50 cycles per second f o r  head- 
spacings below 70 cm and 25 cycles pe r  second above 75 cm. 
The sable  length t h a t  could be driven on t h e  sonic  system 
would be no less than 200 f e e t ,  thus permitt ing operation 
at e leva t ions  of approximately 200 f e e t  as a maximum con- 
d i t  i on  
The system would be completely of so l id - s t a t e  components 
w i t h  readout in  d i g i t a l  format on magnetic tape  and t he  
readout would include not only t h e  e igh t  son ic  t i m e  words 
but  a l s o  i d e n t i f i c a t i o n  and timing words, with the  option 
of replacement of t h e  i d e n t i f i c a t i o n  word with a d i g i t a l  
conversion of any one of s eve ra l  poss ib le  analog inpu t so  
The transducers as w e l l  as associated e l e c t r o n i c  compon- 
e n t s ,  cab les  and connectors would be so designed as t o  be 
weather-proof 
System reso lu t ion  would be .2 of a microsecond 
* 
f o r  any 
* 
Resolution t o  ,I o r  even .01 of a microsecond is no t  an impossible 
engineering requirement but without merit inasmuch as a head-spacing 
e r r o r  of 1% w i l l  introduce an e r r o r  i n  t rans i t - t ime determination 
( ind iv idua l ,  no t  d i f f e r e n t i a l )  on t he  order of t e n  microseconds, and 
head-spacing e r r o r s  of l e s s  than  
s t r u c t u r e s  v i b r a t e  , c lose ly  approaches phys ica l  imposs ib i l i ty .  
1% , remembering that: mounting 
16 
ind iv idua l  transit time [the equivalent-for a one-half 
meter head-spacing-of t h ree  cm per  second in  wind speed 
by equation ( 2 5 ) ] .  
. 
This completes t h e  discussion of s o n i c  anemometry as applied on 
t h e  subjec t  cont rac t  although f u r t h e r  discussion as t o  implementation 
of t h e  p r inc ip l e s  and spec i f i ca t ions  w i l l  be found i n  t h e  next two 
s e c t i o n s  of t h e  r epor to  
I11 , Instrument a t ion  
The discussion of this sec t ion  is l a rge ly  desc r ip t ive  although 
schematic diagrams are presented, The reason f o r  t h i s  rests i n  t h e  
f a c t  t h a t  a d e t a i l e d  operational explanation w i l l  provide l i t t l e  more 
than academic i n t e r e s t  except t o  t he  engineer and those operating t h e  
sonics,  a n d - f o r  these  a Maintenance and Operation Manual exists. How-. 
ever,  t he  presented descr ip t ive  material and t h e  schematics should 
s u f f i c e  t o  provide thorough understanding of t h e  opera t iona l  charac- 
teristics though not  t he  d e t a i l s  of t h e  t o t a l  system. 
a, Sonic System 
Bas ica l ly ,  t he  operation of t h i s  system is as follows. A t  
a time, t, se l ec t ed  by t h e  operator, t h e  recording system is  turned on 
and a f ixed  i d e n t i f i c a t i o n  word cont ro l led  by panel switches and com- 
posed of 18  binary b i t s  is t ransfer red  t o  magnetic Eape within (t + 2) 
milllfseconds, I n  the  in t e rva l  (t + 2) t o  (t + 4) m s ,  a second 18-bit 
word cons is t ing  of t he  contents of a cycle counter (which is  automati- 
cally reset a t  the  beginning of a run and i s  augmented by one on each 
complete data-sequence) is t ransfer red  t o  t h e  tape ,  
Two milliseconds a f t e r  turn-on o r  i n i t i a t i o n  of t h e  d a t a  
sequence, t h e  following occurs: Transmitter T emits a 20-kc pulse  of 
s o n i c  energy; rece iver  R i s  turned on and a l l  o the r  receivers are 
blocked, and a counting r e g i s t e r  begins counting of five-megacycle 
pulses,  This r e g i s t e r  continues t o  count un t i l  t h e  s o n i c  pulse  is  
received at rece iver  R This reception cu t s  t h e  counting r e g i s t e r  








txaneferred t t b  tape before (t + 6 )  m A t  (t + 4 ) - a  the  same 
pactern of events occurs f o r  son ic  pa th  T t o  R etco Words 5 
through 10 are generated i n  the same fashion, Thus words 3 through 10 
(18 bits) are transit times f o r  each of t h e  e igh t  sonic paths and con- 
sist of the number of five-megacycle pulses (or  the number of .2 micro- 
seconds of time) reg i s t e red  in t he  counting r e g i s t e r  during the respec- 
t ive transmit-receive in t e rva l s ,  
2 2 D  
I n  genezal the t r a n s i t  times f o r  a head separation of one-half 
meter w i l l  be on t h e  o rde r  of 105 mill iseconds; however, t h e  system 
permits approximately 1,535 milliseconds f o r  t h e  t r a n s i t  t o  occur, thus  
p e d b t i n g  t h e  v a r i a b i l i t y  i n  head-spacing previously noted, 
At t h e  completion of the  ten-word sequence which takes 20 m i l l i -  
seconds, t he  sequence i s  repeated as many times as t he  operator,  
through s e t t i n g  of a prese t  STOP coiltrol, may have chosen, Of course, 
provision is automatically made t h a t  a sequence w i l l  always start  wi th  
word 1 and always end following word 10, 
The iden t  word (word 1) nay be  replaced by a d i g i t i z e d  form of * 
m y  one of seve ra l  analog inputs,  although wi th in  a given run t h e  type 
of analog input  may not  be varied, and t h e  analog-to-digital conversion 
is performed through a commercial d i g i t a l  voltmeter (DANA DVM Model 
4000) 
Four b a s i c  operational modes of the  son ic  system are ava i l ab le ,  
The f i r s t  of these  is  described above, t h a t  is, a sampling rate of 50 
samples p a r  second, 
input  and may a l s o  operate a t  50 samples pe r  second but inasmuch as t h e  
d i g i t a l  voltmeter requi res  some 30 milliseconds t o  make a reading, t h e  
analog readings would not be v a l i d ,  Thus the  n o m 1  operation of t h i s  
second mode i s  50 samples per second f o r  a l l  b a s i c  son ic  system informa- 
t i o n  and a nominal readout rate on the A-D channel of 50 samples per 
second but with every o the r  analog word being blocked ( a l t e r n a t e  zero  
readout, a c t u a l  A-D rate of 25 samples per  second) i n  order t o  permit 
The second mode replaces t h e  iden t  by an analog 
9r 
As used here,  a run i s  any prechosen time i n t e r n a l  during which t h e  
measuring system i s  operating under con t ro l  of i n t e r n a l  program logic ,  
A ''sonic nan" is any number of runs made during a s p e c i f i c  f i e l d  t r i p e  
usua l ly  covering one o r  t w o  days, * 
18 
t h e  DVM ample time t o  set t le ,  
The t h i r d  mode permits a sequence sampling r a t e  of 25 per  second 
(both the  sonic and the  A-D channels) and i s  necessary f o r  head 
spacings i n  excess of approximately 60 ano The four th  mode i s  t h e  same 
as the  t h i r d  except t h a t  analog readings ( i f  used), though nominally a t  
25 readings per second, are zero f o r  every o the r  reading. That is, t h e  
ac tua l  analog sampling r a t e  would be 12,s per  second. 
As can be seen from examination of t h e  following schematic dia- 
grams (Fig. 1-22), considerable l i b e r t y  has been taken i n  explanatian of 
t h e  operation, bu t  t h e  pr inc ip les  are co r rec to  It may a l s o  be seen t h a t  
numerous "foolproof" controls have been incorporated i n  the  system such 
as: 
da t a  sequence ac tua l ly  begins; p re se t  record gaps a t  f ixed  i n t e r v a l s  f o r  
s impl i c i ty  of computer processing and a ia lyses  of data ;  automatic o r  
manual operation of record-length, and so on, 
a time-delay f o r  t he  tape recorder t o  cone up t o  speed before t h e  
b o  Analog Systems 
In order t o  seek information concerning t h e  func t iona l  
d e f i n i t i o n  of t he  anomaLous wind values with mean values,  as w e l l  as 
f l u x  d e f i n i t i o n  beyond momentum f lux ,  addi t iona l  d a t a  are required. 
The majority of these d a t a  are furnished through a cooperative re- 
search program sponsored by the U, S o  Army Signal Corps under Contract 
DA 36-039 AMC-O2195(E) and consist  of mean wind speed, measured at 
logarithmic i n t e r v a l s  beginning a t  one-half meter and ending a t  32 
meters; a i r  temperature at the same logarithmic l eve l s  f o r  both dry- 
and wet-bulb readings; soil temperatures a t  seven depths; wind direc- 
t i o n ;  inso la t ion ;  r e f l e c t e d  in so la t ion ;  n e t  r ad ia t ion ,  and s o i l  hea t  
f l ux ,  A l l  of t hese  parameters are measured a t  two loca t ions  i n  d ig i -  
t a l  format, and t h e  methods of measurement, readout, processing, and 
analyses have been f u l l y  described by Clayton and Eckelkamp.13 
* 
* 
Sta t ions  A and B of t he  Dallas Tower Network, The son ic  instrumenta- 
t i o n  is self-contained i n  i t s  own t ra i ler  housing and is  present ly  
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cons is t s  of 8 Solion transducer (manufactured by Texas Research E lec -  
t r o n i c a - m w  Self-Organizing Systems-of Dallas, Texas) designed t o  
meamre 112 C cu 
ha l f  cycle per  second =-an upper l i m i t ,  
simultaneously and d i r e c t l y  to  a T I  Servowriter recorder and the  A-D 
sonic channel, 
with a frequency-response capab i l i t y  of aborrt one- D i  
The sensor output is  f ed  
T o  date, however, no success has been r ea l i zed  i n  ob- 
c 
c 
t a i n i n g  sa t f s f a r toxy  operation of this transducer and it is probable 
though not cextrria that this  devlce wLll have to be abandoned. 
b a s i c  purpose in making sue& a measurement is t o  p r m i d e  a gross back- 
up check on t he  sonis outputs and i f  subsequent e f f o r t s  should con- 
t i nue  t o  be  unsuccessful ii operation of t h i s  device, i t s  l o s s  w i l l  
not be s i g n i f i c a n t  i n  the research sense, 
The 
4, Flow Corporation Dynamic Wind Force Indicacor 
('%3unc€nE ball"\,. 
only a short period through sponsor-loan and w a s  intended as a check- 
device on che sonics, Measurement loca t ion  w a s  near :he su r face  (due 
t o  m38s) and at a point same six f e e t  from t h e  s o c k  nounring pole,  
However, the  operational cha rac t e r i s t i c s  an? requirements for  calibra- 
t i o n  and recording are such t h a t  it d id  not  appear f e a s i b l e  t o  retain 
t h i s  transducer, and it w a s  returned t o  t h e  manufacturer through the  
sponsor's representa t iveso  Following manufacturer's modifications it 
may be r e i n s t a i l e d  and, i f  so, recording f o r  any two of the  th ree  co- 
ordina te  components w i l l  ,be by a Dual-Channel T I  Servowriter, with 
simultaneous input t o  :he A-I) son ic  channel, 
This transducer was avai lab le  t o  the  p ro jec t  f o r  
5 ,  Instantaneous temperature, This system has ye t  t o  be 
designed and w i l l  n x  be so u n t i l  f u r t h e r  i nves t iga t ion  as t o  necess i ty  
and f e a s i b i l i t y  is completed, 
two transducers w i l l  be employed, one at each of the sonic measuring 
l e v e l s ,  with re:ording on the  dual-channel Servowriter and simultan- 
eously on t h e  A-D channel of the sonic  system, 
I f ,  however, such i n s t a l l a t i o n  is made, 
Co 'Cedar Hill Wind Speed Comparison Tests. - 
In an attempt t o  provide answers t o  long-standing and sig- 
n i f i c a n t  questicns zoncerning t h e  r e l a t i v e  c a p a b i l i t i e s  of various 
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FIGURE 15b: SONIC TRANSDUCER MOUNT 
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The above-listed p a r a t e r s  do not  completely s a t i s f y  the  
requirements f o r  the  current research nor can they be fed  t o  the  A-D 
channel of t h e  sonic  aystem as discussed previously, 
addi t iona l  meemarements, as noted below, have been incorporated as a 
p a r t  of t h e  sonic  syetem complex, 
Consequently, 
1, -o The sensor for t h i s  parameter 
is located between the  two l eve ls  employed for  son ic  instrumentation 
(cur ren t ly  2, 4, 6 o r  8 meters) and is a Rets memometer normally in- 
corporated i n  t h e  Army AY/GMQ-12 Wind-Measuring Se t  and i s  a copy of 
rke Beckman-Whitley 100-hole chopper anemometero 
t h i s  transducer is  led  d i r ec t ly  t o  the  housing of t h e  sonic  system 
and fed i n t o  an L&N recorder as w e l l  as t he  A-D charnel of t he  sonic  
readout sequence., (The mean wind speed measurements of S t a t ion  A, 
which include a l l  the l e v e l s  l i s t e d  above, are made wi th  Beckman- 
Whitley single-hole chopper anemometers, which sapply t h e  same infor- 
mation capabi l i ty  as t h e  Rett device over a four-minute period but 
are not a t  t h e  sami? physical locatim-by s a x  20 feet-nor capable 
of che sane reso lu t ion  €OK intervals s h o r t e r  than four  minutes,) The 
necessary amplification and r e c t i f i c a t i o n  i s  supplied by the  standard 
t r a n s l a t o r  of t h e  aforenoted .4N/GMQ-12 Wind-Measuring Se t  complement, 
which is schematically shown i n  Fig, 23,  
The s i g n a l  from 
2, Ver t i ca l  temperature gradient This parameter, 
n o r m l l y  measured between the two l eve l s  of sonic  determination, is 
acconpllahed through bucked copper-constantan thermocouples housed 
i n  wind-aspirated thermoehielda and fed , following necessary ampli- 
f i c a t i o n  and sca l ing ,  t o  an L&N recorder (Speedomax) and simultan- 
eously, as i n  the  case of the man wind, t o  t h e  A-D channel. Details 
of t h e  thermal s h e l t e r s  and amplification are shown i n  f igures  24 and 
25 o 
3, Horizontal  and/or v e r t i c a l  wind fo rce  d i f f e r e n t i a l ,  





I -  
*{ - 
% 


































I a i a 
1 
0 
t- 4"-i W 
/ 
/ 



































































1 -  
i L  i -  
i -  
I 
coiasfste of a SoLion CKan8ducer (manufactured by Texas &search Elec- 
trerrics---~aw Self-Organizing Sysrems-of Dallas Texas) designed t o  
measure Ed2 CDmi2 wish a frequency-response capab i l i t y  of about one- 
half cycle per  second %.an upper l i m i t ,  
simuZt;insously and d i r e c t l y  t o  a T I  Servowriter recorder and t h e  A-D 
sos,ic channel, 
t a in ing  s a t i s f a c t o r y  operation of t h i s  transducer and i t  is probable 
though not  c e r t a i n  that t h i s  device w i l l  have t o  be abandoned. The 
basic purpose i n  making such a measurement is  t o  provide a gross back- 
up check on t h e  sonic outputs and i f  subsequent e f f o r t s  should con- 
t inue t o  be unsuccessful i n  operation of t h i s  device, i t s  loss w i l l  
nor be s i g n i f i c a n t  i n  the  research senseo  
The sensor output is fed  
To da te ,  however, no success has been r e a l i z e d  i n  ob- 
40 =ow Cosporarion Dynamic Wind Force Ind ica to r  
('"ksuncing; ball"2,  
only a shoxt period through sponsor-loan and was intended as a check- 
device 03 the sonfcs,  NeasLrement loca t ion  w a s  near t he  su r face  (due 
to m3ss) and at a pofnb S Q ~  six f e e t  f ron t h e  son ic  mounting pole,  
Hcwever, thhe operational cha rac t e r i s t i c s  and requirements f o r  ca l ibra-  
t i o n  and r e c o r d h g  are such that i t  d id  no t  appear f e a s i b l e  t o  r e t a i n  
t h i s  ztansducer, and it was returned t o  t h e  mmufacturer through the  
spoasor's representa t ives ,  Following manufacturer8s modifications it 
may ba r e i n s t a l l e d  and, i f  so, rerording f o r  any cwo of the  t h r e e  co- 
ordinate coqonan t s  w i l l  be by a Dual-Channel T I  Servowriter,  with 
sim~3Smaous input t o  t he  A-D sonic  channel, 
This transducer was ava i l ab le  t o  the  p ro jec t  f o r  
5, Instantaneous tenperature,  This system has y e t  t o  be 
desigzad and w i l l  ncx be so u n t i l  f u r t h e r  i nves t iga t ion  as t o  necess i ty  
mAd feasibility is completed, I f ,  however, such i n s t a l l a t i o n  i s  made, 
%TO trzaaeducers w i l l  be employed, one at each of t h e  son ic  measuring 
l e v e l s ,  with recording on the dual-channel Servowriter and simultan- 
eously on t h e  A-D c h a m e l  of t he  sonic  system, 
In an a t tempt  t o  provide answers t o  long-standing a id  sfg- 
n i f i c a n t  questions concerning the r e l a t i v e  c a p a b i l i t i e s  of various 
wind-measuring devises in both t h e  mean and instantaneous sense, t o  
48 
evalua te  ;he newly-developed son ic  system, and t o  supply i n f o m a t i o n  
conzerndng subeequen: wind-measuring i n s t a l l a t i o n s  planned by t h e  
spcnsas  at other  s i ~ e s  , t h e  P r inc ipa l  Inves t iga to r  i n v i t e d  the  com- 
pznias and agencies l i s t e d  below t o  p a r t i c i p a t e  i n  a comparative eval- 
uat ion tear t o  be held a t  Cedar H i l l ,  Texas on 26-27 Ju ly ,  
CGmpany and  Sensor Representative 
Beckma? & Whitley, Inc ,  Fred W, Stang 
993 E, San Carlos Avenue 
S a n  Carlos Ca l i fo rn ia  Divi s ion  
Hundred-hole chopper ane- Enginee r 
mometer and comparable 
wind vane 
Sa les  Manager, Meteorology 
Grant Go odwin 
CLIME3 H, V, Thompson 
570 S a  Xavier Avenue Pres ident  
Sumyvale  Ca l i fo rn ia  E,  F, Kingman 
Vice Pres ident  
Hundred-hole chopper ane- 
mmeter and comparable 
wind vans 
Flow Corporation 
205 - 6th S t r e e t  
Caibzidgc Massachusetts 
Dynamic Wind Force Indi- 
c a t o r  ("bouncing bal l")  
G ~ l m a  Company 
Ann Arbor, Michigan 
Bivane 
Iowa S t a t e  Universi ty  
AmeS, Iowa 
Sonic anemometer 
Meteorology Research, Inc ,  
2420 Lake Avenue 
Alt aden 3 Cal i forn ia  
Vector Vane (3-component 
bfvdne) 
49 
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F I G U R E  27: INSTRUMENTATION - C E D A R  H I L L  COMPARISON T E S T  
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FIGURE 2 8 :  SONIC SENSOR I N S T A L L A T I O N  (CLOSE-UP V I E W )  
I C '  of vibrxcion on the  aonics ,  which f o r  the upper l e v e l  is  pr imar i ly  
r a w a d  by tower-vibration, as opposed co ',he iwer l e v e l  on t he  pipe 
mast wheze v ib ra t ion  i s  v i r t u a l l y  tirotzed t o  t h e  S G ~ ~ C :  ronf igura t ion  
itself, A close-srp view of the lower s a i r  l e v e l  I s  sham Ln Fig,  28, 
Figure 29 Show6 both sozlic levels mosnted on the  pipe mast at 
2 and 8 meters as w e l l  ab a 1500-foot t e l e v i s i o n  tower (KRLD-WFAA) 
which is usually noted i n  the l i t e r a t u r e  as the  Dallas Tower, 
IV, Data Processing and Analyses 
Ir.asmtrch as a seven-channel magnetic tape i s  employed ( s ix  d a t a  
channels, ane p a r i t y )  a each 18-bit word i s  divided ;ento t h r e e  p a r t s  
of 6-biir,cD such thar a f u l l  daza sequence cons i s t s  of 36 b i t  charac- 
t e r s ,  %us ?he fir6t s t e p  in  the pxatessing of the t ape  format is 
tr-mslazim (by an IBM 709 w i ~ h  1531 727 tape  raader) i n t o  f i v e  stand- 
ard IBMworBs of 36 b i t s  for each a o n p l e ~ e  sequenceo I n  the  record- 
ing  of t he  & b i t  charac te rs  on the  da t a  t ape ,  t h e  recording i s  such 
t h a t  t he  least s i g n i f i c a n t  bit is i n  t r adc  1 ( t h e  crock c l o s e s t  t o  
the operator  on both t h e  tape recorder  and rhe 727 reader) and the  
most s i g n i f i c a n t  b i t  is ic t rack  6 wash che p a r i t y  check t r a c k  (7) 
being the crack furchesesc, from t he  eperacor on bo;h she recorder  and 
the  reader,  Following proper computer assembly, chera, t h e  f i r s t  ha l f  
o€ IBM word 1 is the idenc or analog s i g n a l  and the  second ha l f  is  the  
~ y c l e  counter content ;  word 2 is t h e  r-ssnsit  times f o r  sonLc paths  1 
and 2 ,  a d  so on, 
The b a s i c  recording cycle employed is 60 seeoads long with  59,9 
seconds of sequence-recording and a .I-second record gap, wi th  auto- 
matic  r e p e t i t i o n  f o r  b a s i c  i n t e rva l s  of 5 ,  10 o r  15 minutes, 
opera t iona l  mode may be subsequently employed, t h i s  recording pattern 
probably will be maintained in order  t o  avoid a d d i t i o s a l  computer t i m e  
f o r  f n t e m e d i a t a  da t a  tapas, p r i o r  f o  the  preparation of a secondary 
pKQCeSSed d a t a  tape on which the  following d a t a  format is impressed: 
Whatever 
53 
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FIGURE 29: SONIC SENSOR INSTALLATION AT STATION A 
Word 1 Cycle zouater  
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where At is t h e  d i f fe rence  i n  tracsiz times io the v e r t i c a l  d i r e c t i o n  zu 
a t  the  upper sonic l e v e l ,  Ctzi: is t he  sum of t r a n s i t  times f o r  t he  
upper v e r t i c a l  l eve l ,  etc, 
This b a s i c  patcern is repeated rhrough a e l m  i n t e r v a l  of two 
seconds, t ha r  is, 100 samples, and ac t he  end of each 100 samples, a 
supplementary d a t a  format shcwn below, i s  recordedo 






3 .  W 
4 
- 
I d  - 
w U 
U P  U 
5 
6 
W e  L a 
8 
and so  on through t h e  computation of a l l  t he  primed q u a n t l t i e s ,  thus  
y i e ld ing  100 uo and w 9  values f o r  each sonic level; t h i s  i s  followed 
by (1) T~~ (2) fL where the  .: computations are equal  t o  the  averaged 
products of t h e  cotrespcnding ;I' and w9 arahes t i m e s  the  a i r  dens i ty ,  
Following t h i s  the  b a s i c  cycle begins again with the  information con- 




Presumably; a t  a l a te r  d a t e  when t n r  program has been thoroughly * 
checked out on both t h e  A6N acd t h e  Univers i ty  zf H a w a i i  conputera ,  
a d  necessary  i n s t a l l a t i o n  a ids  are cornpiered, che ind iv idua l  t i m e  d i f -  
fe renze  va lues  w i i l  no t  be recorded on :he secondary d a t a  t ape  nor  w i l l  
the tFmz.summatron v a h e s ,  ehoergril the average of t h e  l a t t e r  w i t h  its 
s t anda rd  dev ia t i an  will be recorded aZ =he end of each two-second i n t e r  
va l  as ar. a d d i t i o n a l  check oa t h e  202tr2ct f u f i c z i m k g  of t h e  s o n i c  sys- 
:emo That is, t h e  sumnation of t is norhing nore than t h e  r a t i o  of 
twice ';ha head s e p a r a t i a n  divided by t h e  v e l o c i r y  of soucd, and t h i s  
r a t i o  Should be cons tan t  for the fnEervaP considered,  i r r e s p e c t i v e  of 
t h e  s i g n a l  d i r e c t i o n ,  t h a t  is, C t Z  = Et 
X 
Until rhen, the LndFvidual values w i l l  be r e t a i n e d  inasnuch as 
t h e  v a r i a t i o n s  i n d l z a t e  logic errors or e r r o r s  19 head sp;cing e i t h e r  
f i x e d  or t r a n s i t a r y  due t o  v ib ra t ion ,  
It is probabie ,  rhwdgh n o t  y e t  c e r t a i n ,  t h a t  the i nd iv idua l  u' 
and w v  valties will be t r a n s f e r r e d  eo sard  foxmat fx subsequent spec- 
trum ana lyses ;  however, it may later be found t o  be mare f e a s i b l e  t o  
run t h e s e  am:ys.~s s imul tmeous ly  w i t h  the T computation, 
I A t  t h e  c k s e  of t h e  cur ren t  r e p o r t i n g  pe r iod  f i v e  s o n i c  d a t a  
runs had been made buc only che last one is be l i eved  useful i n  t h e  
a n a l y t i c a l  sense,  and t h e  o thers  were p r imar i ly  in tended  t o  c o r r e c t  
operacfonal  e r r o r s  arid procedures i n  t,he measuring system, Sample 
d a t a  from t h i s  l a s t  run is presenced i n  the next  s e c t i o n o  
V, Ex-Ferinent ak Data 
The d a t a  presented  he re in  are from a s i n g l e  s o n i c  run (#l> made 
on 20 October 1963 s i n c e  earlier rass9 as previous ly  noted ,  w e r e  p r i -  
mar i ly  system checks r a t h e r  than d a t a  runs, 
x 
The d a t a  analyses  will be done a t  t h e  Univers i ty  of H a w a i i  s i n c e  t h e  
P r fne fpa l  I n v e s t i g a t o r  w i  12 be a Visiting Profes so r  of Meteorology 
and Oceaography dur ing  t h e  per iod  1 September 1963 t o  1 September 
1964; however, as f a r  as the aim of t h i s  con t r ac t  are concerned t h i s  
represeccs  no th ing  mare t hm a zrcinsfes of physical l o c a t i o n  of t h e  
PrFnrBpd I n v e s t i g a t o r  who r e t a i n s  f u l l  r e s p o n s i b i l i t y  f o r  t h e  con- 
t ract  i I 
. J  . 
56 
A 
This prasentar2sn w",l begin Wtck 2 deszx5pt im of zero testing 
refers ro saeasuzeaznz in t h e  &sea:= D f  any wind and which is 
azcoq i i shed  through GBE of a rube  rha: E X : ~ Z S & S  Cali? ~ o t a l  §oiliC path,  
 he zero ye';ocizy rube used 63 iz:s LS a ra r53aar i  ~ 3 3 2  a?pzaxLmsteiy 
th rce  lnGhEe in d i snc r+r  and s t m  22 f n r h ~ s  h s g  which has been sliced 
i n  h a l f ,  l ined w i t h  P ooimd=&sor:'3icg maZeztkal,, a d  hinged sn one s i d e  
go thac ic may be clasped m e r  a s o n f r  path,  The ends of t h e  tube are 
clssed such t h a t  no air m02r3il t an  o c x r  wzthfn the  tubeo A s  an exam- 
p l e  of Fc,s use., let us ass*mc for :ha ~ Z ~ I Z ~ I ~ K  thac WB wish t o  test  t h e  
zero condftfm of the uppev 'vsrcica1 p a h ,  
level was 8 mstcr~6, the  %m&r b.veb 2 m c e z s c )  The zero tube then is 
clamped over the fox-head cccf'gursr:-an c x n p r l s h g  t h i s  vertical dual 
path wich tha  ends of cbe bsbe c l o  s ~ U C I  behind %ha CTZES- 
d-~certi, RcfePX2cg Zlga  28 ~6 :&z -2, S C ~ ~ L  *-.-* = S ~ ~ . L .  as a cxiseqbznce of 
the placing af t h ~ o  crrbe 333cg thr: vt ;x ica l  parh,  rhe  hcrizontal paeh 
will be  Slo.cked, rh2.c is, :>e XTECGW.-:Z sigr.aZ alczr, rhe ' nx- izonta l  
path,  i n  e i ' h r  di-rc.=sti,zG w:-& AGE b e  zeceived and the  r e su l r ing  sua 
of trmsic t x m s  w f l i  be ;he cota2 c a ~  pejrczczai by cha sysrem, I n  a I 
rwwhead s y s w m R  zero t e s t ing  would c1at be requrtad except as a ve t i f i -  
ca t ion  of the measuring bysrem, but for t h e  four-head system, it is  
possible KO have a zero  o f f s e t  inasmacla as the campanent and t he  
"dcwn" ccaponsnt pachs ezq',oy d i f f e r e n t  r rmsduce r s  ; t hus ,  the  b a s i c  
requli-cmnt for zero  veloescy under 2 i e s e  rondx t ims  is exact  i d e n t i t y  
of rhrs. head-spacing of the two paths ,  Since,  is was nosed i n  an ear- 
l i e r  irectioa,  very small Cead=spaclng dlffersnces can cause consider- 
able e r r o r s  (zero o f f s e t )  ehfs ad ju~ tmgn t  is rathex c r i t i c a i  and must 
be  made by physical  adguotmnt of t h e  path lsngrha wi th  t h e  system in  
operat ion,  using an oscilloscope as a zero i nd ica to r ,  This 1s a t r ia l -  
acd-erssr process which requires t he  technic ian  making an adjustnent  t o  
then mave off t he  supporting s t r u c t u r e  i n  order t h a t  a check may be 
made oince h i s  =re presence w i 2 l  completely mask rhe  adjustment, 
(For sonic run 2% t h e  upper 
..- 
* 
Referring t o  Table P, c o l w  l a  as i nd ica t ed ,  is the cycle  count; 
* 
I n  this and a l l  o the r  tables ,  a l l  sonic Lime i c c r e w n t s  are given i n  
microseconds a d  a i l  sonfc v e l o c i t b s  i n  a / s ec ,  
5: 
1 
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C~1um.1.1s 6 ,  7 2nd 8 are *;ne d l f f e r e x e  in tramit timeso sums- 
= i o n  of c r a 6 i t  cines, and v e i o d t y  d e r e r n l n ~ ~ r z m s  f o r  t h e  upper hor i -  
z o n e d  1 ~ v e . P ~  2s ind icarad ,  Noze here chat -,he d r f f e r e n c c  of r r a n s i t  
e =  i,m.zs aze sfl zero  wirhin  .2  microsezcnd, the system ressht imo which 
is as f r  s h x i d  be s ince  no szgcal i s  beizsg rezeived a l m g  this I-,orf- 
zonta l  pa th  irmm72ch as ths z e r ~  t c b i  i n  zhe vertical path  serves as a 
physiea: block,  
d c r ~ r j e c o n d s  zo2 microsecond, is independent of head-spacing i n  t h i s  
ease s ince  AO signal was received and che seamarion ind ica t ed  h e r e  is 
=rely ewice t h e  nsximua al lmable  t r a x f t  cime t h e  system permits  when 
ope ra t ing  a t  50 cyc les  pe r  second, 
Also ,  rhe  saxmation of r h e  t r z n s i t  t iEs ,  38l3,6O 
Tables 2, 3 and 4 are idensisal t3 TaSle 1 with  t h e  except ion 
thac  t h e  zero cub.- ha: beei-. plnzed 5.1 d i f f e r e n z  s o n i c  pa ths ,  For in- 
scazce, i n  Table 2 che z e r o  L L ~ Z  is z L x g  :he Gpper h o r i z o n t a l  pa th ,  
t hus  cke blodcked dara  eo i~m-s  are 2 ,  i; a d  5 ,  Chat is, t hose  headed 
A t z U 9  Zz 
t i m  is 1,38 crn/se.z f o r  the  blocked pz?. ; . ;  1,27 d s e c  f o r  t h e  z e r o  
check af h o r i z o a t a l  coraponinrs a d  1084-1385 LS!S..=O f o r  t he  z e r o  check 
of V € r K i : a i  conponenrrs, The d i f f e r e n c e  between i,84 and 1087 is due 
t o  is:k of i q r a c r i c a l  p rec i s ion  wi th in  rhe  system znd t h e  d i f f e r e n c e  
between blocked a d  ze ro  parh csmpuzasians i s  due 53 che g r e a t l y  in- 
crea5L.d e f f e c t i v e  pafn length f o r  the bErcked caseG 
and wTT3 Note ehac an thzse f x r  ~ a b k s  t h e  v e l o c i t y  resolu-  ZU J 
Table 5 ,  covering the f i s s r  two seconds of Run IF whlch w a s  a 10- 
n ~ n u r e  ruii (i431-i441 CST) eorrespanda t o  Table  8 except  cha t  t h e  
1 rLber -- <- a p p l ~ r s  EO Rua iL (1825-1835 CST, on tshe same date ' ) ,  A s  ind i -  
carsd i n  Khese K W ~  tables by t h e  columnar headings,  t h e  format is t h e  
s a  excepc f o r  t h e  second coL-umn (analog i ~ p u t s ) ~  I n  Table  5 AT 
i n d i z a r e s  t h e  temperature d i f f s r e n c e  between t h e  s o n i c  levels (lower 
d n u s  upper) i n  "C co  wi th in  g,O3' as a maximi l i m i t ,  
azalog input  V 
as obrralned f r m  a modified R e t t  ~OC-hole chopper anaomete r .  
I n  Table  8 t h e  
i s  rhe wind speed a= 6 aeters, i n  rnerers p e r  second, 6 
FrGn t h e  prezed-lng sectfon on i n s t r u n e n t a r i o n  a t  will b e  r e c a l l e d  
Char rhe f i r s t  reading i n  ar,y ana lag  s f g x l  c o l m n  i s  n o t  v a l i d ,  and 
r e p r e s e n t s  sfmply t h e  eontents of the DVN 03 t h e  iirst cyc le ,  and t h e  
i o  
Table 2. Upper I ior izontal  Zero Test - Run 1B 
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Table  3. Lower Vertical Zero Test - Run 1c 
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Table 4. Lower Horizontal Zero Test - Run  1E * .  - .  
I 
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1 '  
t h i r d  reading is t h e  first s i g n i f l s a n r  analog s igna l ,  
2, 3 a?d 4 ,  every o ther  analog reading fs indiretad as zero  t o  show 
t h a t  the  DVM was blocked i n  order t o  allow adequaze s t a b i l i z a t i o n  t i m e  
between readings, 
As i n  t a b l e s  1, 
The average wind components f o r  t h e  f i r s t  two seconds of runs 1F 
and iL are shown a t  t he  ends of t a b l e s  5 and 8, respec t ive ly ,  according 
t o  the  following: For the verrfcal. components, a minus sign i nd ica t e s  
t h a t  the wind component is downward; f o r  t h e  hor izonta l  zomponcnts, a 
plus  s i g n , i n d i c a t e s  a wind d i r ec t ion  becween 90" and 270Q (through 
south) and a minus s ign  ind ica tes  a w i n d  d i rec t ion  between 270' and 90" 
(through north),  The l i n e  belsw the  average wind components labeled 
e r r o r s  represents  the  number of t r i gge r ing  e rzors  t h a t  occurred 
durLng rha two-second in',erclal, Thus, f rcm T a b l e  5 is it seen t h a t  
t he re  were no t r igge r ing  errors f o r  tha v e r t i c a l ,  arid 30 and 16,  
respec t ive ly ,  for t h e  upper and lcwer hor izonta i  ccrnpmentso 
11 
The foliowing sketch w i l l  help demmstrate what is want by 
t r igge r ing  e r r o r ,  
u u--- 
The lower signal of t he  portrayed oscil loscope diagram repre- 
s en t s  t h e  received sonic  s igna l  with t h e  peaks marked A, B, C, D being 
t h e  t r u e  received s i g n a l  and tho snall per turba t ions  p r i o r  t o  A 
70 
repreaznt ing n o k e  level due t o  reffecticn &id i n t e r n a l  system noise ,  
Of t h e  upper t r a c e  only zhe f i tsr  pulse  l a  signlftcant and it may be  
thoughr of as ehe c r lgge r  char turns the  r ransdt  time-counter o f f ,  
The t r i g g e r  e m  be adjusted t o  occur on A, b, C ~r D bu t  should be on 
one s f  t h e  f i r s t  t h ree ,  Inasnmh as pezks a f t e r  t h e  four th  are n o t  
allcwed t o  rise above a f ixed l e v e l ,  and the  t h i r d  one, C, is usua l ly  
employed s ince  St represents  t h e  l a r g e s t  s i g n a l  d i f f e rence  between 
successive amplitudes, Of course, t h e  sme t r i g g e r i n g  peak is chosen 
f o r  a11 son ic  levels,. This adjustment is made wi th  a potentiometer 
and an osc i l loscope  so t h a t  i d e a l l y  t h e  t r i g g e r i n g  always occurs on 
t h e  s e l e c t e d  peak and never  on an adjacent  one. I f  suc5 an e r r o r  does 
occur,  a t iming e r r o r  on t h e  order  of 50 microseconds i s  automatical ly  
introduced s i n c e  the frequency of t h e  received s i g n a l  i s  on t h e  order  
of 20 kc, Such an e r r o r  is very easily spot ted  in the  AT, Z t  or the  
ve loc i ty  computation column and s i n c e  Et is very nea r ly  cons tan t ,  th is  
parameter is  used t o  de t ec t  such e r r o r s  and t o  c o r r e c t  them, 
I n  the machine processing of t h e  rzw-daca ita?z5 C t  values  pe r  
cycle  reading are s to red  and compared with each successive reading, 
with reading number 2 being t r ans fe r r ed  t o  s to rage  i f  co r rec t ,  and so 
ono I f  t h e r e  is a di f fe rence  between readings i n  excess of 20 micro- 
seconds, it is known t h a t  a t r i g g e r i n g  e r r o r  G:curred, and processing 
l o g i c  determines whether it was an e a r l y  or ii l a t e  t r i gge r ing  e r r o r ,  
and then replaces t h e  erroneous value of Ec w i t h  .che preceding c o r r e c t  
Z t  from srorage,  The e r r o r  nagnftade between the cor rec t  and the  in- 
correcr  C t  is appl ied t o  the corresponding erroneous A t  to cor rec t  i t  
and, of course,  t o  t h e  ve loc i ty  computa t i a  as w e l l ,  The cor rec ted  C t  
value does n o t  go i n t o  s torage f o r  comparison with the  succeeding one; 
r a t h e r  t h e  last  c o r r e c t  value is held u n t i l  another c o r r e c t  va lue  is 
ava i l ab le  and so on, 
This type of e r r o r  was a r a t h e r  severe  l i m i t a t i o n  on earlier 
pulse-type sonfcs  but  is not s i g n i f i c a n t  i n  t h e  cur ren t  model of the 
Stewart-Post sonics  and occurred i n  t h i s  run due t o  the  f a c t  t h a t  ex- 
per focnta t ion  w a s  being conducted t o  see whether a common t r i g g e r i n g  
adjustment could be  found for  rhe son ic  pa ths  both with and without 
the  zero tube i n  p laceo  I n  Run 1L (Table 8 ) ,  t r i g g e r i n g  w a s  read jus ted  
$ 3 .  
fr.:hwing che zero tcbe  cheek a d ,  as w i l l  be seen la ter ,  no e r r o r s  
of thiB type oeccrred, 
Tables 6 a d  9 ,  appI icabk  LO m'zs IF and 1L, respec t ive ly ,  show 
she ve loc i ty  ar,cmaEes for the f i r s t  two seconds of the  respective 
rims, as indica ted  by the  saimnar headings, The individual readings 
2ze the  d i f fe rences  between the merage  ve loc i ty  as shown at t h e  bot- 
tom of tables 5 and 8 and the ind iv idua l  velocisy components shown in 
t he  same t ab les ,  That 18, reading number f in t he  second column of 
Table 6 (43 ,28 )  is t h e  difference bezween the  average w f o r  t he  f i r s t  
two seconds (-83,74) and t h e  f i r s t  cycle value of w (-40.46). The 
sign of che d i f fe rence  is pos i t ive  s ince  the average value of w 
the first two seconds represeats a zem o f f s e t  of -83,74 (downward 
direct ioa)  and the  f i r s t  cycle reading of w i s  less negative than 
t h i s  o f f s e t ,  hence che difference is pos i t i ve  as indicated i n  Table 60 
U 
U 
f o r  U 
U 
Thus, ind iv idua l  zero o f f s e t  values of t h e  sonic  paths need not 
be of concern, at P e a t  in a t h e a r e t i c a l  sense, s ince  they are sub- 
t r a c t e d  ouzo However, p rac t i ca l ly  speaking, it f a  necessary KO reduce 
these as much as poss ib le  as was ind ica ted  i n  the discussion of t ab le s  
1, 2 ,  3 and 4 ,  
A t  she end of t a b l e s  6 and 9 two indiv idua l  shearing stresses o r  
These values in dynes/an2 are computed mmentum f l u x  values are showno 
from equation (261, assuming a constact dens i ty ,  asad, of course, r e f e r  
t o  t h e  upper and Lower levels f o r  the  f i r s t  two seconds. 
Tables 7 and l o  w i t h  app l i cab i l i t y  t o  runs i F  and 1L, respec- 
t i v e l y ,  show the  man wind and flux values based on five-minute i n t e r -  
vals €or  the  f u l l  run periods, as w e l l  as t h e  mcm.nbum f l u x  values f o r  
each two-sesond i n t e r n a l o  
7 and 10, marked 8s wuD u 
ind ica ted  five-minute in t e rva i s  based on t h e  indsvidual two-second 
Those C O ~ U ~ ~ S  of the  f i r s :  por t ions  of t a b l e s  
e t c , ,  show the  mean wind components f o r  t h e  
- I )  
U D  
m 2 a m  which i n  t u rn  were based cn rhe 50 cycles p e r  second measurements. 
Those c d u ~ m s  headed TOEo are the  number of t r i gge r ing  e r r o r s  f o r  t he  
torali ram whish, as noted previously, a re  izuzerous i n  Run 1F and absent 
conpletely in Run iL, Those columns headed "upper" and "lower" are t h e  
1 
ii f l u x  computatlons f o r  each two seconds of data with each column covering 
.A - 
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100 econds, Thar is, the  f i r s t  value i n  colmm 1 is the  shear ing.  
s t r e s s  based on t h e  f i r s t  t w o  seconds of t h e  run and i s  i d e n t i c a l  to 
the  value s h a m  f o r  Tau 1 at  the bottom of Table 6 ,  
values shmn i n  t h e  f i r s t  p a r t  of t a b l e s  7 and 10 are  based on the  indi-  
v idua l  f l u x  values shown i n  t h e  lower por t i sn  of t h e  t a b l e s ,  
- - 
The yU and T~ 
From these  t ab le s  i t  is poss ib le  to make some es t imates  concern- 
i n g  da ta  q u a l i t y ,  Looking a i  t h e  sumat ions  of t r a s i t  t i m e s  given in 
che various t ab le s ,  i t  can be seen t h a t  t he  summation of t r a n s i t  times 
appl icable  to a g iven- son ic  path are indeed e s s e n t i a l l y  constant ,  
ever ,  t h i s  -consraney is noc invar ian t  between indiv idua l  son ic  paths ,  
as may be seen i n  the foliowing t a b l e  covering runs lF, 1L and the  zero  
tests, 
How- 
Table I:, Z t  Comparative Sunmary 
XL 
1F 329 7 3272 329 5 32 82 
1L 3305 32 85 3301 329 8 
ZEXO TESTS 3299 3273 3285 3271 
Ct -ztsi, -xu Ct - -.DIp-cI %U _p Run 
It can be seen i n  Tabie 11 t h a t  a d e f i n i t e  p a t t e r n  is present  
and while one could expect soie variaricm i n  sound v e l o c i t y ,  and thus  
i n  C t  
present  i n  d i f f e r e n t  runs separated by la rge  time incrementso Thus, 
t h e r e  seem l i t t l e  quest ion t h a t  s t a t i c  spacing e r r o r s  f o r  t he  individ-  
u a l  paths  are present  as w e l l  as some v ib ra t ion  e r r o r ,  though the  l a t t e r  
i s  s m a l l  inasmuch as t h e  ind iv idua l  four-head s o n i c  conf igura t ions  are 
so mounted t h a t  t h e  whole s y s t e m  must v i b r a t e  as a u n i t ,  E r ro r  calcu- 
l a t i o n s  based on the  equations def in ing  wind component d i f f e rence  i n  
t r a n s i t  t i m e s  and sunmation of t r a n s i t  t i m e s  w i l l  show t h a t  a ,1% 
e r r o r  i n  spacing o r  a ,l% change i n  sound ve loc i ty  w i l l  r e s u l t  i n  a C t  
change of 3 and 30 microseconds, respec t ive ly ,  Also, it w i l l  be  found 
t h a t  t h e  percentage change i n  s o n i c  ve loc i ty  components is  twice the  
percentage change i n  E t  which w i l l  be 03 the order  of 1% o r  2% f o r  
sound ve loc i ty  changes and a t e n t h  of t h a t  f o r  v i b r a t i o n  e r r o r s o  
a t  a given l e v e l  during a given run, t h a t  p a t t e r n  should not  be 
This 
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I s  not t o  say Zhqt v ib ra t ions  are not present ,  only t h a t ,  comparatively 
speaking, they a r e  &nor compared t o  the head-spacing e r r o r ,  
There i o ,  of CQurse, no way t o  u t i l i z e  the  da t a  of Table 11 t o  
analyze the  absolute  na ture  (or even exis tence)  of the  spacing error, 
ye: it seems reasonable to assume tha t  the averages of t h e  ind iv idua l  
coluws of Table 11 would be  representa t ive  of spacing d i f fe rences  be- 
tween t h e  ind iv idua l  sonic paths i n  view of the  pa t t e rn  p re sen t ,  This 
assumption, piaxs the  e r r o r  ca lcu la t ions  c i t e d ,  would show, f o r  example, 
t h a t  betwzen the ho r i zon ta l  and v e r t i c a l  paths  of the  upper level 
the re  w e r e  path d i f f e rences  on the  order  of .04 cm and between t h e  
v e r t i c a l  paths  ac t he  upper and lower l eve l s  a d i f f e rence  on the  order  
of .01 cm, 
senseB bu t  introduce corresponding percentage e r r o r s  i n  Z t  and A t  and 
I n  ve loc i ty  cszponents,  as well as i n  mean cmputa t ions  based on these  
parameters and a r e  thus  s ign i f i can t  quaifzy l i m i t a t i o n s ,  P r a c t i c a l  
d i f f i c d Z i e s  have so f a r  pravenred e l i m b a r , i s n  of spacing e r r o r s  of 
t hese  magnitudes and it is not l i k e l y  t h a t  tile head conf igura t ion  and 
nounting of t he  c s t r e n t  system w i l l  ever  p e r n i t  such cor rec t ion  without 
introducing worse complisazions through obstruction of t h e  a i r  flow, 
Cer ta in ly  it can be said t h a t  u n t i l  such t i m e  as the spacing e r r o r s  can 
be reduced t h e r e  i s  Li t t le  point i n  u r i l i z i n g  a head-spacing less than 
one-half meter with these  sonic  anemometers, 
These head-spacing e r r o r s  a re  not l a rge  i n  the  magnitude 
Table 12, below, compares the  five-minute average winds from t h e  
sonics  wi th  sfmsltaneous measur:encnts of the malog  wind (Run 1L) and 
simulianeous horizontal wind rneasurements made with S t a t i o n  A ins t ru-  
mentation dcr ing these  runso 
Table 12, Mean Horizontal  Wind Summary 
Ttmr, Sonic (2n) Sta, A (2mL Sonic (8m) S+a, A (8m) Analog (6m) 
1431-1436 30 9 50 7 364 5 75 - 
1436-1441 332 577 411 672 - 
1825-1830 186 313 218 377 33 2 
1830-1835 213 330 243 400 370 
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I n  t h i s  t a b l e  coluinns 2 and 4 are the  same mean va lues  found i n  
t a b l e s  7 and 50 whereas colmns 3 and 5 are the  winds as measured a t  
S taz ion  A (at t h e  sane levels, same 20 f e e t  west of t h e  s o n i c  i n s t a l l a -  
tions) u t t l i a i n g  Be,Lkman=Whithey s ingle-hole  cnopper anemometers a and 
t h e  f i n a l  c o l u m  is t h e  wind de termina t ions  made wi th  t h e  R e s t  100-hole 
chopper izminometer mounfed between t h e  s o n i c  'levels at 6 meters, 
can be seen, t h e  s o n i c  analog wind f i t s  t h e  S t a t i o n  A d a t a ,  bu t  t h e  
s o n i c  va lues  chenselves are cons i s t en t ly  lowero Inasmuch as sonic 
run #l w a s  che l a s t  one mad8 p r i o r  t o  t h e  p repa ra t ion  of t h i s  r e p o r t ,  
it i s  not poss ib l e  t o  s t a t e  with c e r t a i n t y  why t h e  mean s o n i c  wind 
va lues  should be lower than those obtained wi th  standaztd anemometers, 
However, i t  i s  probable  t h a t  t h i s  is a r e s u l t  of o r i e n t a t i o n  e r r o r  
3f t h e  smic systemo That is, p r i o r  t o  making a run wi th  t h e  sonicsp 
t h e  nounting s t a f f  on which the sonics are f i x e d  i s  so l oca t ed  t h a t  
t h e  u component is as n e a r l y  coin- ident  w i th  t h e  p r e v a i l i n g  wind as 
poss ib l e ,  
running somewhat lower i n  magriirude ~ h a n  che three-cup anemometers f o r  
t h i s  e h o r t  t i = - i n t e r v a l  b u t  n o t  as much as 51-.37rL i n  Table  12, and it 
seems a l m s t  certain t h a t  a s i g n i f i c a n t  v component i s  p resen t  due t o  
sonf c o r i e n t  a t  i 3n ., 
As 
It would no% be t o o  s u r p r i s i n g  t o  f i n d  t h e  s o n i c  means 
. 
Looking a t  Table 7 it mi be seen t h a t  t h e r e  are q u i t e  a few in- 
stances where t h e  stresses a t  t h e  upper and lower levels are oppo- 
s i t e l y  d i r e c t e d  and alzhough t h e  ma jo r i ty  of t h e s e  are p a s t  t h e  po in t  
of meteorological  o r  mathematical s i g n i f i c a n c e ,  many of them are n o t ,  
Also,  i n  t h i s  same t a b l e  the re  are some odd va lues  beyond reasonable  
phys i ca l  p o s s i b i l i t y  and it is ' l ikely t h a t  t h i s  f s  a f a c t o r  of t h e  
"Large number of t r i g g e r i n g  e r r o r s  p re sen t  i n  t h i s  run s i n c e  i n  T a b l e  10 
f o r  R u n  1L t h e r e  are only a few opposing s i g n  cond i t ioas  and no w i l d  
jump valueo, 
Inasmuch as t h i s  is a r a t h e r  l i n i t e d  d a t a  set and comparable 
d a t a  from o t h e r  sources  do not exis t ,  it i s  r a t h e r  d i f f i c u l t  t o  be  con- 
c l u s i v e  concerning t h e  q u a l i t y  of t h e  d a t a  p r e s e n t l y  ob ta inab le  from 
t h e  s o n i c  system a t  Cedar I f i l l ,  
t h a t  w i th  t h e  exc lus ion  of t h e  w i ld  va lues  i n  Run iF t h e s e  are good 
d a t a  i n  t h e  usua l  sense  of the word and r e p r e s e n t a t i v e  of t h e  s m p l e d  




atmospheric s t r u c t u r e o  
are independent, o r  nea r ly  so, of spacing e r r o r  (anomalies and f l u x  
values) and,-of  -course,  none of t hese  da t a  are good i n  an absolu te  
sense,  t h i s  no t  only because of known e r r o r s ,  bu t  because of uncertain- 
t ies  regarding implied assumptions of eddy s t r u c t u r e o  
This  i s  mainly appl icable  t o  those da t a  t h a t  
Some of the measurement system l imi t a t ions  apparent from these  
d a t a  can be corrected i n  t h e  e x i s t i n g  system and some cannot- 
p l e  of the  lat ter is t h e  inc lus ion  of another  orthogonal.component 
path t o  e l imina te  o r i e n t a t i o n  e r r o r o  Some modif icat ions of a f e a s i b l e  
na tu re  are discussed i n  the f i n a l  s ec t ion  of t h i s  repor t  which follows, 
An exam- 
3 







CONCLUSIciu S AND RECONMZNDATI CU S 
Inasrasp& as ar~y  research t a s k  necessa r i ly  proceeds on the  b a s i s  
of unpravsd conceptsp it is never poss ib le  to answer, p r i o r  t o  success- 
f u l  completion of t he  reeearch, whether the methods of a t t a c k  being 
employed are correct OK even adequate,, However, on the bas i s  of r e l a t e d  
knowledge and pas t  e f f o r t s ,  it is poss ib le  co nake a reasonable assess- 
ment of the  rechniques t h a t  have been, axe, and w i l l  be used toward 
at tafnnsnc of t he  research goa;s, I n  che psesenr case t h i s  assessment 
can l a r g e l y  be shown throcigta c h r e e  q;.,.cst;ions whose answers, though i n  
p a r t  based on pposruhtes c a  n e v e n h z l e s s  be reasonably conclusiveo 
1, Do the p l amed  research goals  astPially e x i s t ,  o r ,  does the  
instantaneous wind p r o f i l e  bear any rclat iosirhip t o  t h e  mean wind pro- 
f i l e ?  The answer is obviously "yes," although no?: as a simple one-to- 
one paranerer  correspondence, That is, t h e  f a c t  rhat the  mean value of * 
any p a r a t e r  is nothing more than rhe average of +,he instantaneous 
valses over t h e  i n t e r v a l  f o r  whish the mean i s  computed provides t h e  
a f f i m a t i o n  frself  but  nor che nacure of i ~ ,  
2,  A r e  the  proposed parameters adequate t o  a f ford  func t iona l  
deffnicior .  of t h e  instantanemis p r o f i l e ?  
not p'p in t he  u l t ima te  sense,  a d  a q u a l i f i e d  "yes in t h e  p r a c t i c a l  
s a x e ,  s ince  it is known f r m  related work, both t h z o r e t i c a l  and em- 
p i r i c a l ,  t h a t  these  parameters can cause s i g n i f i c a n t  v a r i a t i o n  i n  f l u i d  
flow, 
wi th  co l l ec t ed  d a t a  i s  made, it is important to no te  t h a t  i t  is t h e  
prksnary i n d i c a t o r  as t o  how much t i m e  and e f f o r t  w i l l  have t o  be ex- 
pended in reaching an acceptable  l e v e l  of usefu lness  of t h e  sought-for 
def f n i t i  on 
The answer here  is "probably 
While the degree of q u a l i f i c a t i o n  cannot b e  known u n t i l  t e s t i n g  
3, A r e  the methods of measurement be iag  ap ' ioyed  s u f f i c i e n t  
t o  provide t h e  necessary da ta  f o r  determination of r,he func t iona l  def- 
i n i t i o n  t h a t  is sought? Considering the employed inszsumentation as 
79 
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w e l l  as pas; and current  da t a  programsp ch i s  quescion can be reduced 
wichoslt s e r ious  l o s s  co "Are s s n i c  memometers t h e  bes t  t o o l  f o r  t he  
job  and i f  so, do t h e  sonfcs in use  on the  cont rac t  represent  the  bes t  
capability i n  t h i s  type of sensor?" 
i t i e s  of t h i s  s tudye  i t  may be unequivocably s t a t e d  t h a t  of a l l  known 
e x i s t i n g  instrumentat ion,  sonic  anemometry o f f e r s  t he  most p o t e n t i a l  
f o r  f i e l d  measurement of the turbulen t  p rope r t i e s  of wind flow, t h a t  
is 
given, Fur ther ,  it may be s t a t e d  t h a t  a t  t h i s  t i m e ,  and consider ing 
a l l  f a c t o r s  of operat ion,  t he  Stewart-Post sonics  constructed f o r  t he  
p ro jec t  represent  t he  m o s t  capabi l i ty  wi th in  t h e  s c a l e  of motion i n  
whieh w e  are in t e re s t ed ,  It is a l s o  reasonable t o  assume t h a t  t hese  
sonfcs  are capable of providing t h e  necessary information f o r  t he  ana- 
l y t i c a l  procedures t h a t  a r e  concemplared; however # more d e f i n i t i v e  eval- 
ua t ion  depends on as ye t  unknown f a c t o r s ,  such as  what is an eddyp and 
what is t h e  upper l i m i t  of s ign i f i can r  atmospheric frequency va r i a t ions ,  
On t he  b a s i s  of t he  Phase 1 act iv-  
instantaneous wind wi th in  the  d e f i n i t i o n  of instantaneous previously 
Thus, i n  general ,  the  research ucder way and planned, which is 
reviewed he re in  and i n  previous r epor t s ,  is considered necessary and 
s u f f i c i e n t  and is recommended f o r  concinuatlon, 
ever ,  t h a t  t h e r e  are no problems and t h a t  modif icat ion of d e t a i l s  are 
not i n  ordero  
This does not  say,  how- 
To da te ,  f i v e  son ic  runs  have been made and each of t hese  has 
revealed d i f f i c u l t i e s  i n  p a r t  resolved o r  capable of resolucion and in 
p a r t  outstanding, An example of t h e  l a t t e r  i s  the  present  sensor- 
mounring configurat ion which is cumbersone, unwieldy, and more of a 
flow-disturbance than it should be,  Resolution here  is outs ide  t h e  
scope of t h e  present  e f f o r t ,  and it  is suggested t h a t  t h e  sponsor 's  
t echn ica l  representa t ives  look i n t o  the  f e a s i b i l i t y  of support ing 
t ransducer  s tud ie s  t h a t  would provide reduct ion of head s i z e  and im- 
provement of acous t ic  proper t ies  which would lead t o  instrumentat ion 
u t i l i z i n g  two-head sonic  paths with c l o s e r  head-spacing and less mod- 
i f l c a c i o n  of wind flow, 
a r e  pr imar i ly  i n  t h e  transducer assemblies r a t h e r  than i n  the  pr inc i -  
p l e s  of operat ion which appear adequate though some debugging i s  i n  
order  o 
I n  shor t  o son ic  anemometer de f i c i enc ie s  today 
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From these  five runs a primary def ic iency which has Seen noted 
i5 the  d f f f f z u l t y  i-il detemfEing h t h e  f i e l d  the  d i f f e rence  between 
use fu l  operat ion and mere operat iono 
Hill comparison c e s ~ s  discussed bn a previous sec t ion ,  
b l e  f i e l d  checks were performed but  u se fu l  d a t a  wers not  co l l ec t ed  and 
t h i s  w a s  not  knGwn u n t i l  the recordizg 'capes were put on the  computer, 
However, o the r  f a i l u r e s  t h a t  have occurred could have been avoided 
through acqu i s i t i on  of b e t t e r  test-equipment and, i n  some cases  
through performance of t es ta  t h a t  were no t  poss ib le  because of simple 
lack of equipment, Spec i f ics  i n  this vein  include 
An exsnple of t h i s  i s  t h e  Cedar 








I n s t a l l a r i o n  of scanning switches t o  permit rap id  checking 
of t ransmit ter-rzceiver  operat3.cn on a l l  channels;  
I n s t a l l a t f o a  of read-cards and necessary l o g i c  check cir- 
cuitry for ZIT, &am,els of t he  nagnet ic  t2pe recorder;  
Acquis i t ion of a s u f t a b l s  cathode ray osc i l loscope  f o r  
permanent use a t  the measuring site as opposed t o  the cur- 
r en t  pzac t ice  of car ry ing  a scope back and f o r t h  between 
College S ta t im  a d  Dallas with r e s u l t i n g  d iscrepancies  in 
calfbrar5on and operation; 
Acquis i t ion of an adsquate spare-part complement 
l a r l y  i n  p r in t ed  c i r c u i t  boards u t i l i z e d  exc lus ive ly  i n  
the  l o g i c  c i r c u i t r y  of rha recording system; 
Construction of a prec i se  head-spacing t o o l  t h a t  can be  
readi ly  used on the  t ransducer  assemblies in t h e i r  tower- 
mounted pos i t H a n s  ; 
Construction of zero wind f a c i l i t i e s  for t h e  t ransducer  
assemblies in t h e i r  mounted pos i t i ons  (more simply, con- 
s t r u c t i o n  of tubes of proper acous t i c  material t h a t  w i l l  
f i t  over a e m p l e t e  sonfo. path,  thus  providing a ze ro  wind 
condirion for check purposes);  and 
par t icu-  
: -b 
I '  
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Subsequent i nves t iga t ion  ha3 shown t h a t  t h i s  type of f a i l u r e  cannot i n  
general  be de t e s t ed  by presenc f i e l d  t e s t  procedure, and s t u d i e s  are 
i n  progress  t o  improve t h i s  s i t u a t i o n ,  
a i  
7, I n s t a l l a t i o n  of addi t iona l  l o g i c  check c i r c u i t r y  i n  order 
t o  permi t  more thorough pre-run t e s t i n g  of less-than- 
obvious malfunctioning, 
The seven items l i s t e d  above are a l l  obtainable with only rea- 
sonable- expenditures i n  an economic and t i m e -  sense and, where neces- 
s a ry ,  documentation f o r  authorization w i l l  be submitted t o  t h e  Con- 
t r a c t i n g  Off icer  wi th in  the  immediate f u t u r e o  
Summarizing, wi th in  t h e  l imi t a t ions  l i s t e d  above, no necess i ty  
o r  d e s i r e  has been found f o r  the realignment of research procedures; 
no problem with magnitude s u f f i c i e n t  t o  doubt t he  c a p a b i l i t i e s  of ac- 
q u i s i t i o n  of t h e  research goals has been net nor  i s  i t  an t i c ipa t ed  
tha t  such problems will a r i s e ,  and it is recommended t h a t  already pro- 
posed extension of the  contract a c t i v i t i e s  a t  Texas A&M University be 
favorably acted upon,, 
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